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We have addressed the question whether the epithelial stroma in the thymus is derived
from a common stem cell or whether cortical and medullary epithelial cells are derived from
different embryonic stem cells emerging, for example, from endoderm and ectoderm. By the
use of rapidly expanding cultures of thymic epithelial cells (TEC) from 14 to 16 day-old
murine fetuses and by specific antibodies against cortical and medullary epithelium,
respectively, we were able to demonstrate a small subpopulation of double-labeled TEC in
the cultures. These cells were not present in TEC cultures initiated from thymuses of
neonatal mice. Double-labeled TEC were also found in tissue sections from fetal thymuses.
These findings may indicate that TEC populations of the cortex and the medulla are derived
from a common stem cell, with potential for differentiation toward both cortical and
medullary TEC.
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INTRODUCTION
It is generally accepted that the thymus develops
from the endoderm of th third pharyngeal pouches
and the ectoderm of the corresponding branchial
cleft. During ontogeny, this anlage is invaded by
mesodermal cells: macrophages, dendritic cells, fi-
broblasts, and T-cell precursors, as reviewed by
Lampert and Ritter (1988), von Gaudecker (1991)
and van Ewijk (1991). The notion that thymic
epithelial cells (TEC) are derived from both ecto-
derm and endoderm is based on morphological
evidence showing that pouches from the two derms
approach each other and stay in close contact for
some time (Cordier and Heremans, 1975), and that
a normal thymus fails to develop if they do not meet
(Cordier and Haumont, 1980). This notion is sup-
ported by the use of antibodies specific for subpop-
ulations of TEC and immunohistochemistry. Thus,
the general findings are that cortical TEC differs
from medullary and subcapsular TEC phenotypi-
cally (Lampert and Ritter, 1988). Also functional
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differences between cortical and medullary TEC in
positive and negative selection of thymocytes have
been documented (reviewed by Boyd and Hugo,
1991).
However, the morphological findings do not
prove that TEC actually are derived from both
derms, but merely that both derms are of impor-
tance for the initiation of the thymus anlage. Thus,
the one derm may act as an inducer and the other as
the producer of TEC. Furthermore, phenotypical
and functional differences between cortical and
medullary TEC may as well be due to microenvi-
ronmental differences created by lymphoid cells, as
indicated by findings in bone marrow reconstituted
SCID mice (Shores et al., 1991) and in cocultures
between thymocytes and TEC (Berrih et al., 1985;
Singer and Haynes, 1987). Haynes et al. (1984) have
demonstrated that all TEC in early human fetal
thymuses stain with the same antibody (A2B5),
which only later is confined to subcapsular and
medullary regions. In the adult human thymus, TEC
positive for both cortical and medullary markers
have been demonstrated, and such cells have also
been shown in thymic tumors (reviewed by Lam-
pert and Ritter, 1988, and by Ritter and Boyd, 1993).
These observations support the notion that there
may exist a stromal "stem cell" giving rise to both
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medullary and cortical TEC. In the light of the
previously mentioned immunochemistry studies
showing clear separation between cortical and med-
ullary TEC, it is obvious that candidates for such a
stem cell, cells that are labeled with both cortical and
medullary markers, are not common in the thymus.
Therefore, we found it relevant to seek such cells in
a situation where the TEC population was rapidly
expanding by cell division. For this, we have cul-
tured TEC obtained from 14 to 16-day-old murine
fetuses in a serum-free medium, which only allows
for TEC growth, and labeled the cells with specific
antibodies against cortical and medullary TEC. The
results show consistently that a small but definite
number of the cultured TEC bind both antibodies,
indicating the presence in these cultures of cells
with potentials for differentiation to both cortical
and medullary TEC. This notion is supported by
parallel findings in tissue sections from fetal thy-
muses.
RESULTS
FIGURE 1. Photomicrograph of cultured murine thymus epi-
thelial cells. The cells were derived from 14-day-old fetuses and
have been grown for 10 days in serum-free medium. Cells were
stained by the PAP method after incubation with antibody
against cytokins 6 and 18 (x 252).
Characterization of TEC Cultures
Fetal TEC were cultured in a serum-free medium
with well-defined growth factors, previously estab-
lished for culture of TEC from young mice (R6pke et
al., 1990). Epithelial cells spread out from the thy-
mic explants within 24 hr, forming a sheet of TEC
around the explants. This sheet expanded further in
the following 3 weeks used for study. The cell
proliferation in these cultures was about double as
fast as in cultures of neonatal TEC (data not shown).
By the use of an antibody against cytokeratins (M
717), essentially all cells were found to be labeled
(Fig. 1), in agreement with findings in cultures of
TEC from young mice (R6pke et al., 1990), indicat-
ing an epithelial nature of all cells. Moreover, by the
use of the anti-macrophage antibody Mac-l, we
were unable to detect cells of the mononuclear
phagocyte system (data not shown).
The majority of the cells were of a rather small
size--from 10 to 15 tm in diameter--but also con-
siderably larger cells were found. No significant
differences in the numbers of cytokeratin-positive
cells or in the cell-siz distribution were found
between cultures established from thymuses of dif-
ferent ages or between cultures of different ages
(data not shown).
Phenotypical Characterization of Fetal TEC
By the use of monoclonal anti-class and II anti-
bodies, we found that essentially all cells were class
I-positive, whereas class II expression was generally
weak or absent (data not shown), similar to cultures
derived from young mice (ROpke et al., 1990).
With the antibodies ER-TR4 and ER-TR5, specific
for cortical and medullary TEC, we consistently
found by cell counting that the vast majority of cells
(80-90%) were positive for ER-TR5, and ER-TR4
cells were sparse (5-20%), often being situated as a
few cells together or occupying small separate areas
of 20 to 100 cells in the cell islets. Representative
photos of ER-TR4 and ER-TR5-1abeled TEC cultures
are shown Fig. 2. The previous findings were ob-
served in all cultures irrespective of their-ages or of
the fetal age of the lobes at the onset of the cultures
(data not shown). In order to determine the percent-
ages of TR4 and TR5 cells, TEC from various
cultures according to fetal or culture age were
detached by trypsination, fixed, and labeled with
either TR4- or TR5-FITC. These cell suspensions
were then subjected to FACScan analysis. Figure 3
shows typical results: About 40-50% of the cultured
TEC are positive for TR5, whereas only 10-15% are
TR4-positive.STEM CELLS FOR THYMIC EPITHELIUM 151
FIGURE 2. Fluorescence photomicrographs of cultured murine thymic epithelial cells. (a) Cells were labeled with ER-TR4 antibody
against cortical epithelial cells. (b) Cells were labeled with ER-TR5 antibody against medullary epithelial cells. RaRA-FITC was used
as second layer for detection of both antibodies. The cells were derived from 15-day-old fetuses, and were grown for 12 days in
serum-free medium (x 250).
To detect stromal stem cells labeled with both
TR4 and TR5, a combination of TR4 + RaRA-FITC
and TR5-biotin + avidin-Texas red--or the opposite
labelingmwas employed on the cultures. The re-
sults paralleled the previous findings from cultures
labeled with only one antibody, irrespective of
which of the two antibody combinations was used.
However, a limited number of stromal cells labeled
with both the cortical and medullary marker was
consistently found. These cells constituted always
less than 1% of the cells, and they usually oc-
curred as individual cells, or a few together, as
shown in Figs. 4(a) to 4(d). As can be seen from
the figures, both small and large cells were found
to be double-positive, and there was no preferen-
tial localization within the cell islets. Furthermore,
we were not able to observe changes in numbers
of double-labeled cells within the investigated time
period of 3 weeks.
Immunohistological Localization of Double-
Labeled Cells in Fetal Thymuses
To investigate the presence of double-labeled TEC
in vivo, tissue sections were prepared from 14-to-
16-day-old fetal thymuses. After incubation with
the ER-TR4 and ER-TR5 antibodies, a small number
of double-labeled cells were seen in the cortical
areas without preferential localization to, for exam-
ple, the cortico-medullary junction or the subcapsu-
lar area (Fig. 5). This observation indicates that
double-positive (TR4 +TR5 +) stromal cells occur in
situ, and that they are not artifacts.
DISCUSSION
The present results confirm previous results ob-
tained from culture of TEC from newborn mice and152 C. ROPKE et al.
Fluorescence Intensity
FIGURE 3. Histograms showing results from a typical experiment in which cultured thymic epithelial cells derived from a 15-day-old
murine fetus were labeled with either RaRA-FITC (thin line), TR4 + RaRA-FITC for detection of cortical epithelial cells (TR4: heavy
line), or TR5 + RaRA-FITC for detection of medullary epithelial cells (TR5: heavy line).
from human thymuses, showing essentially all cul-
tured cells to be of epithelial nature when grown in
the present serum-free medium with added, defined
growth factors (R6pke et al., 1990; R6pke and
Elbroend, 1992). However, in opposition to earlier
findings from cultures of TEC obtained from
neonatal--or older--thymuses which showed exclu-
sively ER-TR5 +, that is, medullary TEC to consti-
tute the cultures (R6pke et al., 1990), we
consistently found cells positive for a cortical TEC
marker (TR4) in cultures of fetal TEC beside TEC-
positive for the medullary TEC marker (TR5). The
results obtained by microscopy were paralleled by
FACScan results, although a lower percentage of
TR5 + cells was found here. At this moment, we
cannot explain why the frequency of TR5 + cells, as
determined by FACScan analysis, is lower than the
frequency estimated by fluorescence microscopy,
but the proportion of TR5 + to TR4 + cells is clearly
reflected by these FACScan results.
The main objective of the present study was to
verify a possible existence of cells positive for both
cortical and medullary TEC markers, that is, cells
that may have potentials for development into
cortical as well as medullary TEC subsets. Such
double-positive cells were present in the fetal cul-
tures from the start of the cultures--or at least after
a few days of culture--and maintain their frequency
in the cultures, indicating that these cells act as
precursors, which give rise to more differentiated
TEC of cortical or medullary type. This is at variance
with results obtained by Cirne-Lima et al. (1993),
who found increasing numbers of double-positive
cells in cultures of a TEC line with increasing culture
time. In this latter situation, it seems that a subpop-
ulation of cells with potential for development in
both cortical and medullary direction is selected,
when the cell line is adjusting to the culture situa-
tion. In the present fetal cultures, the double-
positive TEC are present from the start of the
cultures. The maintained proportion in our TEC
cultures between TR4- and TR5-positive cells in the
culture period adds to the notion that a balance
between precursors and more differentiated TEC is
obtained in the present culture system. Our results,
showing the presence of double-positive TEC in
fetal cultures, but not in cultures obtained from
neonatal mice (2 to 7 days old), may be explained by
the high growth rate in fetal cultures or by an
age-related shift in TEC populations concomittant
with shifts in thymocyte populations around birth.
Because the present cultures are obtained from
fetal thymuses that are populated to different ex-
tents with thymocytes--CD4- CD8- thymocytes atSTEM CELLS FOR THYMIC EPITHELIUM 153
FIGURE 4. Photomicrographs of double-stained cultured murine thymic epithelial cells. Cells were labeled with either biotinylated
ER-TR4 + avidin-Texas red (Tex) and ER-TR5 + RaRA-FITC or biotinylated ER-TR5 + avidin-Texas red and ER-TR4 + RaRA-FITC, and
photos were taken of the same cells (a and b, or c and d) by alternative use of red and green optic filters (a) TR4-FITC, (b) TR5-Tex
(x 916), (c) TR4-Tex, and (d) TR5-FITC (x 458).154 C. ROPKE et al.
FIGURE 5. Photomicrographs of a section from the thymus of
a 17-day-old murine fetus, showing double-labeled cells. (a)
Labeling with ER-TR5 + RARA-FITC. (b) Labeling with biotiny-
lated ER-TR4 + avidin-Texas red x 458).
This study demonstrates that epithelial cells with
antigens characteristic of cortical and medullary
epithelium are confined to the fetus. These cells
could have the potential to develop into more
differentiated cells with restricted functions and
phenotypes. However, the previously mentioned
findings in humans (Lampert and Ritter, 1988; Ritter
and Boyd, 1993) and in a cell line (Cirne-Lima et al.,
1993) may point to the fact that multipotential
epithelial cells exist in small numbers in the thymus
both before and after birth, and that they become
more numerous in situations in which cell prolifer-
ation is prominent, for example, in the fetal period,
in thymic tumors, and by changes in microenviron-
ment (van Ewijk et al., 1994). We realize that these
data do not prove that TR4+TR5+,cells are indeed
precursors of TR4 and TR5 single positive cells. To
verify this, isolation of such cells with the cell sorter
and prolonged cell culture is required.
MATERIALS AND METHODS
Animals
All embryos were obtained from C3H females,
mated with C3H males, which were received from
Bomholtgaard, Laven, Denmark, and kept in the
animal facilities of our institute. The age of the
embryos was determined by scoring the day of
appearance of vaginal plugs, which is taken as day
0. Neonatal mice were also of the C3H strain.
day 14-15 of fetal life, and in addition with
CD4/CD8/,CD4/, and CD8 cells from day 16
(Hugo et al., 1991), it would be of interest to test
TEC obtained from thymuses before T-cell precur-
sors invade the tissue.
Recent results obtained after intrathymic injection
of TEC line cells of medullary nature, or fibroblasts
(Hugo et al., 1992; Vukmanovic et al., 1992; Hugo et
al., 1993), indicate that these cells are able to induce
positive selection of thymocytes. Besides, cells from
a TEC line, which induced positive selection (Hugo
et al., 1992), were able to induce negative selection
in vitro (Hugo et al., 1994). These findings
strengthen further the importance of a more de-
tailed knowledge of the thymic micro environ-
mentsmof the crosstalk between stromal cells and
thymocyte subpopulations, and of the plasticity and
potential of the stromal cells.
Cell Cultures
Thymic lobes or fragments of these, obtained by
gently cutting with surgical knives, were incubated
for 1 hr at 37C in medium containing 5.0 mg/ml
DNAase (Sigma, St. Louis, MO) and 1.5 mg/ml
collagenase/dispase (Boehringer, Mannhein, Ger-
many) in a culture dish, which was shaken regu-
larly. Thereafter, the sizes of the fragments were
considerably below I mm3. The lobes and fragments
were washed two times with the medium before
cultivation.
The serum-free, growth-factor-defined medium
used was composed of a 1:1 mixture (v/v) of Ham’s
F12 medium and Dulbecco’s modified Eagle me-
dium (DMEM) (Flow Laboratories, Hillerod, Den-
mark). The DMEM was prepared without calcium
(Medium-Service, Institute of Medical Microbiology,
University of Copenhagen, Denmark). The mediumSTEM CELLS FOR THYMIC EPITHELIUM 155
was supplemented with 2 mM glutamine (Sigma, G for 5 min at -20C. After drying, slides were
3126), 250 IU penicillin/ml, 25 mg streptomycine/ treated for 10 min with 10% normal goat serum
ml, 3 tg/ml insulin (I, 0.025 IU/mg, Nordisk (NGS) in PBS before addition of ER-TR4, ER-TR5,
Insulin, Denmark), 100 ng/ml epidermal growth or PBS. After incubation for 45 min, the slides
factor (EGF), and 0.5 g/ml hydrocortisone (HC) were rinsed twice with 0.05% Tween in PBS, the
(both from Collaborative Research, USA), and 10 slides being placed on a shaking machine for 10
ng/ml cholera toxin (CT Sigma). min. After removal of the PBS, the slides were
The cells were cultured in 1 ml medium in incubated and rinsed as before, the antibody
2-chamber Lab-Tec Chamber slides (NUNC, being RaRA-FITC (DAKO, diluted 1:20 in
Roskilde, Denmark). All containers for culture were PBS + 10% NGS). Slides were then incubated for
coated with type I collagen, 8 mg/cm
2 (Vitrogen- 10 min with 2% normal rat serum in PBS,
100; Flow Laboratories, Birkerod, Denmark). Cul- washed, and incubated for 45 min with purified,
tures were maintained in a humidified atmosphere biotinylated ER-TR4 or ER-TR5 antibodies, rinsed
of 5% CO2 with 20% O2 and 75% N2. The medium as before, and incubated for another 45 min with
was changed every 2 to 3 days. avidin-Texas red (Becton Dickinson, Sunnyvale,
CA). Finally, slides were rinsed as before and
Antibodies mounted with paraphenylenediamine.
To analyze single cells labeled with TR4 or TR5,
Cytokeratins were detected in a triple-staining TEC cultures were treated with trypsin-EDTA, and
method starting with DAKO-CK1 (M 717)specific to TEC in suspension were fixed in methanol for 5
multiple keratins (DAKOPATTS, Denmark). The min at -20C, washed, treated for 10 min with
second-stage antibody used was a rabbit polyclonal 10% NGS in PBS before addition of ER-TR4,
antibody against mouse immunoglobulins (259, ER-TR5, or PBS. After incubation for 45 min, the
DAKO), and the third reagent was a monoclonal cells were washed twice with 0.05% Tween in
peroxidase anti-peroxidase (PAP) complex (P850, PBS, and incubated with RaRA-FITC for 30 min,
DAKO). The cytochemical incubation was per- washed, and suspended in PBS for FACScan
formed as previously described (Petersen and van analysis.
Deurs, 1988). To detect class I and II MHC antigens
on TEC surfaces, an anti-H-2K
k antibody (IgG2a,
16-1-11N, ATCC HB16) (Ozato et al., 1980) and an Immunocytochemistry on Frozen Sections
anti-I-E and -I-A antiboly (IgG2b, M5/114.15.2, Thymic lobes were removed from 14-to-16-day- ATCC TIB120) with specificity for H-2b, H-2d, H-2k, old embryos embedded in Tissue-Tec on specimen H-2q, and H-2 (Bhattacharya et al., 1981), were
used. The antibodies were applied either directly in
the culture chambers or in suspension after trypsi-
nation with a trypsin/EDTA solution (Boehringer).
No fixative was used. The second-step antibody was
a FITC-labeled rabbit-anti-rat IgG antiserum (Nor-
dic, Tilburg, The Netherlands). Macl-FITC (Boe-
hringer) was used as an anti-macrophage antibody.
For detection of murine cortical and medullary TEC,
ER-TR4 and ER-TR5 monoclonal antibodies were
stubbs, frozen on solid CO2, and stored at -35C.
Six-micron frozen sections were cut on a Leitz
cryostat and processed further for immunofluores-
cence as described (van Ewijk et al., 1988). ER-
TR4 and ER-TR5 antibodies were used as primary
antibodies, they were detected as described before.
Fluorescence Microscopy and Flow Cytometry
used. These antibodies were raised by injecting rats A Zeiss Axiophot epifluorescence microscope
with C3H stromal cells, and were shown to label equipped with LP615, FT600, 530-585, and
cortical (TR4) and medullary (TR5) TEC subsets in LP520, FT510, 450-490 filters was used for detec-
the adult and fetal thymus specifically (Van Vliet et tion and photography of Texas red and FITC-
al., 1984, 1985). labeled cells, respectively. A FACScan instrument
(Becton Dickinson) was used for immunofluores-
cence analysis of single-cell suspensions. Emitted
Immunocytochemistry on Stomal Cell Cultures fluorescence was detected with logarithmic ampli-
Chamber slide cultures to be used for labeling fication. Data collected from 1 x 104 cells were
with ER-TR4 and ER-TR5 were fixed in methanol analyzed with Consort 30 software.156 C. ROPKE et al.
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